S udden cardiac death (SCD) is among the leading causes of death worldwide and may account for up to 20% of all deaths and >60% of cardiovascular deaths, 1,2 with the majority of cases being caused by ventricular arrhythmias. Although a diagnosed structural heart disease increases the relative SCD risk, 1,2 the absolute number of SCDs is mostly driven by SCDs in the general population. 3 Identification of individuals at risk from this population remains an important and challenging goal.
Methods

Study Population
The study population was drawn from the Health 2000 Study, an epidemiological survey conducted in Finland between 2000 and 2001. The survey involved a sample of 8028 individuals and was representative of the whole Finnish adult population aged ≥30 years. Data collection was performed at the survey baseline. Survey protocol 13 and disease definitions used in the current study 14 have been published. The Health 2000 Study was approved by the Institutional Ethics Committee and by the Epidemiology Ethics Committee of the Helsinki and Uusimaa Hospital District and was carried out according to the recommendations of the Declaration of Helsinki. The study subjects gave informed consent.
We excluded subjects with Wolff-Parkinson-White pattern, paced rhythm, atrial fibrillation or flutter, low-quality ECG, complete bundle-branch block, use of QT-prolonging medication or digoxin. In addition, we excluded subjects >80 years at the Health 2000 Study baseline. After exclusions, 5618 subjects were eligible for the present study.
Electrocardiography
A digital standard resting 12-lead ECG was recorded at the Health 2000 Study baseline with a Marquette MAC 5000 electrocardiograph (GE Marquette Medical Systems, Milwaukee, WI). The QT Guard 1.3 (GE Marquette Medical Systems) and custom-made software were used as previously described to produce the ECG variables. 14 All repolarization measurements were performed by a single observer, and the intraobserver variability of the measurement techniques used has been assessed previously, 15 with the coefficient of variation ranging between 0.0% and 2.7% according to the repolarization variable. For comparison, we included QT in the analyses and used heart rate adjustment with the nomogram method (QT Nc ), as previously described. 14, 16 We also used QT with the Fridericia formula adjustment for heart rate (QT F ) for comparison. The maximum QT of all leads was used for QT. TPE was measured in lead V 5 . 6 If TPE was not measurable in lead V 5 , leads V 4 and V 6 were used (in that order). 6 Left ventricular hypertrophy was considered to be present if either Sokolow-Lyon (>3.5 mV) or Cornell voltage (>2.0 mV [women], >2.8 mV [men]), or both criteria, were fulfilled.
T-Wave Morphology Parameters
All T-wave morphology parameters were calculated automatically. The PCA ratio was calculated by QT Guard 1.3. The PCA ratio is a measure of the relative roundness or fatness of the 3-dimensional T-wave loop, with increasing values referring to higher amounts of repolarization complexity and increases in the roundness of the T-wave loop. 17 T-wave morphology dispersion (TMD), total cosine R-to-T (TCRT), and T-wave residuum (TWR) were calculated by custommade software with previously described algorithms. 18−20 TMD is a measure of the variation in T-wave morphology between different ECG leads, 18 with similar T-wave morphology in different ECG leads resulting in a small TMD value and repolarization abnormalities increasing the value. TCRT is an estimate of the spatial deviation between depolarization and repolarization phases, 18 with a high TCRT value referring to a small angle between R-and T-wave loop vectors, as is seen when depolarization and repolarization phases are normal. TWR is a measure of nondipolar ECG signal content, with higher values indicating higher degrees of ventricular repolarization heterogeneity. 19 All T-wave morphology parameters showed nonsignificant or only weak correlations to heart rate (absolute r values from 0.019 to 0.040).
Follow-Up and Adjudication of Cause of Death
Follow-up started at the Health 2000 Study baseline and for the present study lasted until January 1, 2009. Adjudication of cause of death was blinded to ECG data. The protocol used in the present study has been previously described in detail. 21 In brief, adjudication was based on national registers on drug reimbursement, hospital admission and discharge, and causes of deaths. In Finland, extensive national registers are maintained and data on all deaths of Finnish citizens are collected systematically. Out-of-hospital deaths and deaths within 10 days of hospitalization were considered eligible for the SCD adjudication. Data from registers were first analyzed independently by 2 physicians. Deaths were classified as probable SCD, possible SCD, unlikely SCD, and unknown cause of death. If there was a disagreement on the cause of death, 2 additional independent physicians reviewed the case and final decision was made by consensus. Autopsies were performed in 46% of all deaths and 67% of SCDs.
Statistical Analyses
Analyses were performed with SPSS version 15.0 (SPSS Inc, Chicago, IL) and R version 2.15.1 (R Foundation for Statistical Computing, Vienna, Austria). Values are given as mean±SD for continuous variables and numbers and/or percentages for categorical variables. Kaplan-Meier event probability curves were produced with groups stratified according to the median value, and death rates were compared with the log-rank test. Associations of ECG repolarization measures with time to SCD were analyzed with Cox proportional hazards models with the stepwise backward variable elimination. In multivariable Cox models, all covariates that remained significant were used in the model together with 1 repolarization measure at a time. The validity of proportional hazards assumption was verified by testing the correlations between scaled Schoenfeld residuals and log(time), using the R function cox. zph. In Cox analyses, repolarization measures were used as continuous variables, and variable distributions were normalized with log e transformation (PCA ratio, TMD, TWR) or the Blom method (TCRT). 22 To allow comparison between repolarization measures, SCD hazard ratios (HR) were calculated per 1 SD increment (decrement for TCRT) in the respective measure value. The improvement in model discrimination for SCD was assessed with the change in C-indices using a 10-year predicted absolute risk. 23 Comparison of the abilities of TMD, TCRT, and QT to stratify SCD was based on permutation tests for the difference in sensitivities with the confusion matrices calculated using techniques for censored time-to-event data. 24 Two-tailed P<0.05 was considered statistically significant, except the permutation tests were one-sided.
Results
Clinical Data and Survival Analyses
Mean follow-up was 92±16 months (7.7±1.4 years). Altogether, there were 307 deaths. Of all deaths, 117 were cardiovascular deaths, of which 52 (44%) were probable and 20 (17%) possible SCDs. Probable and possible SCDs were pooled in the analyses and all other deaths were regarded as censored observations. Thus, 72 (23%) of all deaths were classified as SCDs.
Clinical and ECG repolarization measures at the study baseline and their associations with SCD are shown in Table 1 . Except for TPE, all repolarization measures were associated with SCD.
Results from the Cox models are shown in Table 2 . In the unadjusted Cox model, 1 SD increase in log e TMD was associated with a 2.0-fold increase in SCD (95% confidence interval [CI] 1.7−2.5, P=2.9×10 −13 ). Kaplan-Meier curves for TMD and TPE with groups stratified by above and below median value are shown in Figure. In the multivariable adjusted Cox models, TMD, TCRT, and QT Nc remained as significant predictors of SCD; significance for TWR was borderline (P=0.050). Of these variables, TMD showed best performance when the SCD stratification was tested using 3 different cutoff values (Table 3 ). When the multivariable adjusted Cox models were performed excluding subjects with previous myocardial infarction, the only repolarization measures predicting SCD were TMD (HR, 1.4; 95% CI, 1.1−1.7; P=0.007), TWR (HR, 1.3; 95% CI, 1.02−1.6; P=0.035), and QT (for QT Nc : HR, 1.3; 95% CI, 1.1−1.7; P=0.015; Table I in the online-only Data Supplement).
Of the variables shown in Table 1 , in addition to TMD, TCRT, and QT Nc , sex, age at the study baseline, current smoking, heart rate, ECG left ventricular hypertrophy (nonsignificant when TMD was in the model), arterial hypertension, and coronary heart disease remained as significant risk factors of SCD in the multivariable Cox models. The C-index (±SD) for the model discrimination for SCD including these significant clinical variables (the clinical variable model) was 0.8901±0.0175. The C-index increased statistically nonsignificantly when TMD or QT Nc were added in the clinical variable model (0.8928±0.0179, 0.8927±0.0167, respectively).
Secondary Analyses
In secondary analyses, we first performed the Cox regression analyses using probable SCD as the end point (instead of the pooled end point combining probable and possible SCDs) and observed that the results did not change substantially (Table II in the online-only Data Supplement). Second, we compared the associations of maximum TPE of leads V 1 to V 6 (instead of lead V 5 ) and mean (instead of maximum) QT of all leads with SCD (Tables III and IV in the online-only Data Supplement). The results remained substantially the same except that Values are given as mean±SD for continuous variables and numbers and/or percentages for categorical variables. HDL indicates high density lipoprotein; PCA, principal component analysis; QT F , QT interval with the Fridericia formula adjustment for heart rate; QT Nc , QT interval with the nomogram method adjustment for heart rate; and TPE, T-wave peak to T-wave end interval.
*P values from the log-rank test of the dichotomized variables (continuous variables stratified by above and below median value).
†If TPE was not measurable in V 5 , V 4 and V 6 were used (in that order). ‡Maximum QT of all leads. *Calculated per SD increment (decrement for total cosine R-to-T) in the repolarization parameter.
†If TPE was not measurable in lead V 5 , leads V 4 and V 6 were used (in that order).
‡Maximum QT of all leads. §Covariates that were included in the multivariate analyses were sex, age at the study baseline, current smoking (yes/no), body mass index, systolic blood pressure, total cholesterol/HDL ratio, heart rate (not used in the same model together with heart rate-corrected QT), ECG left ventricular hypertrophy (yes/no), QRS duration, arterial hypertension (yes/no), diabetes mellitus (yes/ no), coronary heart disease (yes/no), previous myocardial infarction (yes/no). Of these, sex, age at the study baseline, current smoking, heart rate, ECG left ventricular hypertrophy (nonsignificant when T-wave morphology dispersion was in the model), arterial hypertension, and coronary heart disease remained as significant covariates and thus were also in the final model.
shorter maximum TPE of leads V 1 to V 6 was associated with increased SCD mortality in unadjusted Cox model (HR, 0.8; 95% CI, 0.6-0.99; P=0.042) and that the mean QT of all leads was not associated with SCD in multivariable adjusted Cox model (for QT Nc , P=0.115). Third, we performed Cox regression analyses using other cardiac death than SCD as the end point and observed that TMD was associated with mortality in multivariable adjusted Cox model (HR, 1.5; 95% CI, 1.03-2.1; P=0.032; Table V in the online-only Data Supplement). Fourth, when noncardiac death was used as the end point, we observed that none of the ECG repolarization measures were associated with mortality in Cox models ( 
Discussion
Main Findings
Our study showed that in a large population-based cohort representative of Finnish adult general population, T-wave morphology parameters provided prognostic information on SCD risk even after adjusting for several other risk factors, whereas we did not find an association between TPE prolongation and SCD risk.
SCD in the General Population
SCD constitutes a global health burden with an estimated annual incidence between 50 and 100 per 1 00 000 persons in the general population. 2 The majority of out-of-hospital SCDs occur among subjects in whom SCD is either the first manifestation of the underlying disease or those who have a cardiac disease but nevertheless lack identifiable high-risk markers of SCD. Angiographically verified acute coronary artery occlusion is common in patients surviving cardiac arrest, 25 and the total proportion of SCDs caused by coronary heart disease has been estimated to be ≈80%, 3 reflecting the central role of myocardial ischemia in SCD. Importantly, however, even in the presence of coronary heart disease, SCD risk is modified by factors that are independent of myocardial ischemia, including, among others, genetic predisposition and abnormal ventricular repolarization. 26 Thus, myocardial ischemia in conjunction with preexisting repolarization abnormality may be an important SCD mechanism. Consequently, we studied the association between various ECG repolarization measures and SCD risk.
T-Wave Morphology and SCD in the General Population
The QT duration remains the most common measure for repolarization abnormalities both in clinical and research settings. QT prolongation has been associated with an increased risk of SCD in a few previous population studies, including ours in the present study population. 5, 21 However, because QT measures ventricular repolarization duration only, it may leave undetected even gross changes in T-wave morphology, which nonetheless increase arrhythmia vulnerability. 27 T-wave morphology parameters measure temporospatial changes throughout the ventricular repolarization phase. These parameters have shown prognostic value for cardiovascular morbidity and mortality in several population studies, [7] [8] [9] [10] [11] [12] 14 whereas the association between T-wave morphology parameters and SCD specifically has not been reported earlier. Our results show that T-wave morphology parameters, measured from standard resting 12-lead ECG, contain prognostic value for SCD. Of the studied T-wave morphology parameters, the association was the strongest for TMD, a measure of variation in T-wave morphology between different ECG leads. In the secondary analyses, however, TMD was also significantly associated with other cardiac deaths than SCDs, raising the question whether TMD is specifically linked to SCD rather than any cardiac death. Of note, Figure. Kaplan-Meier curves for T-wave morphology dispersion (TMD; A) and T-wave peak to T-wave end interval in lead V 5 (TPE; if TPE was not measurable in V 5 , V 4 and V 6 were used [in that order]; B) with P values for the log-rank tests. Groups are stratified by above and below median value. Hazard ratio (HR) with 95% confidence interval (CI), as well as number of sudden cardiac deaths in the groups, is shown.
TMD and TCRT also remained significant predictors of SCD when QT was in the multivariable model, indicating that morphology parameters and QT characterize different aspects of the ventricular repolarization. Thus, preexisting repolarization abnormalities detected by measures of T-wave morphology may predispose to SCD in the general population. In the analyses of C-indices, TMD and QT Nc improved, though statistically nonsignificantly, the model discrimination for SCD when all significant clinical predictors of SCD were included in the model. The power of testing differences between 2 or more C-indices has been claimed to be low. 28 In addition, in our study, the statistical power was probably further affected by the relatively low number of SCDs.
TPE and SCD
In experimental studies using ventricular wedge preparations, TPE prolongation represents increased transmural dispersion of repolarization. 29, 30 In contrast, animal experiments using intact hearts, 31, 32 as well as simulation studies, 33, 34 have challenged this concept and suggest that, in vivo, TPE is a measure of global dispersion of repolarization. The clinical value of TPE for risk assessment has been previously investigated in several studies involving mainly patients with a known cardiac disease. In most of these studies, TPE prolongation has been linked with increased arrhythmia risk. However, TPE was shorter in subjects dying from any cause compared with survivors and was not predictive of death in multivariable analyses when TPE was measured in male patients with cardiovascular disease and the measurement points were averaged in leads V 4 to V 6 . 35 Recently in a case-control study, TPE prolongation measured in lead V 5 was associated with SCD also in the general population. 6 In our study, which is currently the largest analyzing the relationship between TPE and SCD in the general population, there was no association between TPE measured in lead V 5 and risk of SCD. On the basis of previous and our present study, we regard the evidence on the association between TPE and SCD in the general population to be inconclusive. However, our study suggests that if any association exists it is likely not strong.
Study Limitations
Our study population consisted of white adults, and results may not be applicable to other races. The SCD adjudication, which relied on administrative sources, may include some imprecision. Left ventricular ejection fraction is currently the most important parameter used clinically in SCD prediction, and ejection fraction measurement was not performed in this survey. Repeated ECG recordings were not available in this population survey, and future studies should assess the reproducibility of the ECG indices used in our study. The numeric values as well as the prognostic value of repolarization measures differ between sexes. 14, 36, 37 Our study had a relatively low power and thus was not suited for analyses stratified by sex. The task of improving the detection of apparently normal people at risk for SCD will always be limited by the problem of poor positive predictive value for even a sensitive and specific test due to the low incidence of SCD in the general population. This low incidence also bedevils the ability to detect people at risk without also including subjects who will not die suddenly.
Conclusions
We conclude that in the general population ECG repolarization measures describing the 3-dimensional shape of the T-wave stratify SCD risk, but more studies are needed to confirm the association between TPE prolongation and SCD. §P value for comparison of the sensitivity of total cosine R-to-T, T-wave residuum, and QT Nc with that of T-wave morphology dispersion at each specificity (eg, P value 0.014 is for comparison between 52.9% and 36.4%). Tests are based on 1000 permutations.
Table 3. Abilities of T-Wave Morphology Dispersion, Total Cosine R-to-T, T-Wave Residuum, and QT to Stratify Sudden Cardiac Death
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